Aim: Habitat loss threatens plant diversity globally. Lack of plant functional connectivity between isolated populations is often pinpointed as one of the major underlying mechanisms driving subsequent species extinctions. Therefore, landscape-scale conservation management promoting functional connectivity needs to be implemented urgently. Supporting the movement of seed dispersal vectors such as grazing animals may help safeguard local and regional plant diversity in fragmented landscapes. However, the efficacy of such management remains to be thoroughly assessed.
| INTRODUC TI ON
Habitat loss and fragmentation are the pivotal agents of anthropogenous global change, driving an unprecedented decline of biodiversity across species, biological traits and genes (Aguilar, Quesada, Ashworth, Herrerias-Diego, & Lobo, 2008; Cardinale et al., 2012; Haddad et al., 2015) . This has led to landscapes with small and isolated patches of natural habitats, which often support only small plant populations (Leimu, Mutikainen, Koricheva, & Fischer, 2006) .
Seed and pollen flow between the remaining isolated plant populations are severely impaired (Aavik, Holderegger, Edwards, & Billeter, 2013; Auffret et al., 2017) , negatively affecting their demographic stability, pollination success and population fitness (Hesse & Pannell, 2011) . These processes instigate population genetic feedbacks such as genetic erosion, differentiation and accumulation of deleterious alleles (Aavik et al., 2013; Aguilar et al., 2008) , which further advance their extinction risk (Spielman, Brook, & Frankham, 2004 ).
This reinforcing cascade ultimately triggers immediate and delayed extinctions in response to habitat loss (Halley, Monokrousos, Mazaris, Newmark, & Vokou, 2016) , causing strong plant diversity losses and impairing ecosystem functioning at local and landscape scales (Haddad et al., 2015) .
Landscape-scale management focusing on facilitating dispersal to mitigate plant diversity decline caused by habitat loss and fragmentation is recognized as a key biodiversity conservation strategy (Hodgson, Moilanen, Wintle, & Thomas, 2011) . Only enhancing landscape structural connectivity by restoring necessary amounts of habitat and landscape corridors (Wiens & Hobbs, 2015) may not necessarily increase plant functional connectivity, that is the effective dispersal of propagules or pollen among habitat patches (Auffret et al., 2017) . To ensure effective dispersal leading into the establishment of an adult plant, plant-specific processes involved at source and recipient habitat patches (e.g., germination, recruitment) have to coincide with the presence, characteristics and behaviour of dispersal vectors between populations (Schupp, Jordano, & Gómez, 2010) . Hence, additional criteria, not necessarily dependent on landscape configuration, such as the availability of dispersal vectors or recruitment microsites, need to be met to facilitate effective dispersal. Management tools thus need to incorporate measures facilitating dispersal, such as the restoration or introduction of biotic seed dispersal vectors (Aavik & Helm, 2018; Auffret, Berg, & Cousins, 2014) , whose importance for upholding plant functional connectivity has been inferred across both animal taxa and ecosystems (DiLeo, Yessica Rico, Boehmer, & Wagner, 2017; McConkey et al., 2012; Mueller, Lenz, Caprano, Fiedler, & Böhning-Gaese, 2014 ).
Particularly among the world's threatened grassland biomes where habitat loss continues at alarming rates (Watson et al., 2016) , large grazing herbivores may secure functionally well-connected populations, demographically and genetically, via directed seed dispersal between isolated populations, as previously shown by Rico, Boehmer, and Wagner (2014) and DiLeo et al. (2017) . Crucially, grazing domestic livestock appear non-discriminant seed dispersers, effectively dispersing all and not only zoochorous grassland species (Plue & Cousins, 2018) . Moving grazing livestock between isolated grasslands as a management strategy not only upholds species diversity (Plue & Cousins, 2018) , but the large quantity of dispersed seeds (Cosyns, Claerbout, Lamoot, & Hoffmann, 2005) may mitigate the detrimental genetic effects of habitat isolation (Aguilar et al., 2008) . This results in genetically diverse populations, which guarantees resilience against environmental changes, ensuring successful long-term conservation of local and regional plant diversity (Aavik & Helm, 2018) . Empirical, genetic evidence of the latter as proof of grazing livestock effectively providing functional connectivity among isolated grasslands remains scarce at best, being currently restricted to only two different plant species tested within the same rotational shepherding system (DiLeo et al., 2017; Rico et al., 2014) .
Unfortunately, however, besides general landscape defaunation (Dirzo et al., 2014) , numbers of domestic grazing livestock are equally declining in Europe (Auffret, Plue, & Cousins, 2015; Poschlod, Kiefer, Tränkle, Fischer, & Bonn, 1998) , reinforced by the decline of transhumance, shepherding and rotational grazing (Aggemyr & Cousins, 2012; Olea & Mateo-Tomás, 2009; Poschlod et al., 1998) . The decline of domestic grazing livestock has several negative impacts.
Besides facilitating directed seed dispersal, domestic livestock also uphold additional ecosystem functions such as trampling, nutrient movement and herbivory (Dirzo et al., 2014) , which are processes critical for plant establishment in recipient patches (Bullock, Hill, Dale, & Silvertown, 1994) and thus plant functional connectivity (Auffret et al., 2017) . To summarize, it is therefore essential to understand if moving domestic grazing livestock between isolated grasslands may constitute an effective management tool facilitating plant functional connectivity, so livestock may be used as mobile corridors in landscape-scale conservation actions. Given reductions in landscape structural connectivity (Haddad et al., 2015; Watson et al., 2016) and the failure to address this at a landscape scale during restoration efforts (Aavik & Helm, 2018) , the use of mobile corridors may indeed offer a key tool to conserve local and regional plant genetic and species diversity in fragmented landscapes (Aavik & Helm, 2018) .
We focus on European semi-natural grasslands which are of high global conservation interest (Wilson, Peet, Dengler, & Pärtel, 2012) ,
archipelago, Campanula rotundifolia, functional connectivity, genetic diversity, grazing networks, habitat fragmentation, landscape configuration, landscape genetics, rotational grazing yet which remain severely threatened by continued habitat loss (Watson et al., 2016) . Applying landscape genetic tools, we investigate if and how the active movement of domestic grazing livestock within rotational grazing networks may promote plant functional connectivity (Auffret et al., 2017) , aiming to generalize Rico et al. (2014) 
| ME THODS

| Study species
Campanula rotundifolia L., common harebell, is a slender, rhizomatous and evergreen perennial herb, which is bee-pollinated and largely self-incompatible, yet limited selfing has been recorded (Stevens, Wilson, & McAllister, 2012) . Campanula rotundifolia spreads by seed and by slow vegetative growth from rhizomes. It typically produces 10-100 seeds per flower. Seeds are small (0.69-1.22 mm long by 0.38-0.53 mm wide) and light-weight (56-81 μg), enclosed in a capsule which releases seeds after being shaken by wind or animals.
Wind dispersal is possible, but over short distances. With epizoochorous dispersal uncommon, endozoochorous dispersal has been recorded in sheep (six seeds per 100 dispersed seeds) and cattle (8/100; Cosyns et al., 2005) . Campanula rotundifolia forms a persistent seed bank, ranging between 5 and >1,000 seeds per m 2 , with a suspected mean seed longevity of <5 years. Although C. rotundifolia has a wide ecological amplitude in terms of soil and moisture conditions, the species is a specialist in terms of its need of grassland management. Campanula rotundifolia may persist as remnant populations after habitat fragmentation or abandonment, recovering quickly after management restoration. Campanula rotundifolia has a circumpolar boreo-temperate distribution, with a complex cytotype distribution. In central Sweden, only the tetraploid form occurs (Böcher, 1936) . (Figure 1 ). The entire study system has a long history of traditional small-scale agriculture and grazing, with rotational grazing networks historically present across most of the archipelago (Aggemyr & Cousins, 2012 4: 250-500; 5: 500-1,000; 6: >1,000 ramets; population size).
| Study area and population sampling
Leaf material was collected from 20 arbitrarily selected ramets throughout each population, which is sufficient to return accurate estimates of allele frequencies and genetic diversity (Hale, Burg, & Steeves, 2012; Pruett & Winker, 2008 
| Microsatellite analysis
Total DNA was extracted from 10 to 20 mg silica-dried leaf tissue of 776 individual samples following the NucleoSpin Plant II protocol (Macherey-Nagel, Germany). DNA amplifications were done by two multiplexes of five polymorphic microsatellites (2 SSRs, Armbruster & Stöcklin, 2015; 8 SSRs, Plue, Vandepitte, Honnay, & Cousins, 2015) following the PCR procedure and quality control outlined in Plue et al. (2015) and Plue, Vandepitte, Honnay, and Cousins (2017) . This set-up with 15 sample repeats gave a 99% scoring success rate (see also Plue et al., 2017) . All individuals proved tetraploid. Sixteen individuals missing data in four loci or more were removed.
| Data analysis
| Genetic diversity and differentiation metrics
Given the species autotetraploidy (Laane, Croff, & Wahlström, 1983) , appropriate software packages were used to compute and analyse genetic diversity and population structure: SPAGeDI (Hardy & Vekemans, 2002) and the adegenet and polysat r-packages (Clark & Jasieniuk, 2011; Jombart, 2008 Note. Population size: categorical estimate of the total population size at each sampling location with levels: 1: <50; 2: 50-100; 3: 100-250; 4: 250-500; 5: 500-1,000; 6: >1,000 ramets. Grazing network: 0 identifies the historical grazing networks, 1 Gällnönäs, 2 Gällnö, 3 Hjälmö and 4 Lådna (see Figure  1 ).
individuals, 10 loci and 5-10 alleles per locus are available, conditions met by our microsatellite data.
| Spatial population genetic structure
To address if directed seed dispersal within the rotational grazing networks affects plant functional connectivity, we first used the pairwise genetic differentiation F ST matrix to test how genetic distances between populations were affected by the presence of rotational grazing networks and geographical distance (i.e., isolation-by-distance). We ran generalized least squares (GLS) models with a set maximum-likelihood population effects covariance structure (MLPE; Clarke, Rothery, & Raybould, 2002) , which is a new standard in landscape genetic studies since it accounts for nonindependence of pairwise distances and allows model selection (Jha, 2015) . Code implementing the corMLPE covariance structure in the nlme r-package is provided at https://github.com/nspope/corMLPE (Pinheiro et al., 2017 clusters from the data, DAPC allows for cluster groupings based on ecologically or environmentally meaningful groups. We used the four active grazing networks and the abandoned grazing networks to preset five potential genetic clusters. This approach has two advantages over k-means clustering: (a) it avoids common pitfalls associated with arbitrarily choosing k (Meirmans, 2015) and (b) membership assignment can be a powerful tool to assess how clear-cut the predefined genetic clusters are . To avoid DAPC overfitting and as such individual membership probability, number of PCA axis and linear discriminators (LD) included in the DAPC were optimized via a 90% cross-validation, and the DAPC was re-run with the optimal PCA and LD solution. The DAPC analysis was run using the five predefined group clusters (five-group clusters; 760 individuals × 150 alleles; optimal solution: 100 PCA axis, four LDs). Each DAPC was additionally run 199 times, with a random reshuffling of the predefined group clusters at each run. From each run, we summed total distance between group centroids and compared if observed total distance between group centroids was a part of the distribution of total distances between random group centroids. If not, a priori determined group clusters unveiled genetic structure significantly better than random clusters.
| Genetic diversity
We investigated if the movement of domestic grazing livestock within rotational grazing networks promotes genetic diversity. We used GLS models (gls function, nlme r-package) to test for the de- Supporting Information Appendix S4 to learn which GLS models included a particular spatial covariance structure, and the extent to which it improved the model. For each genetic diversity metric, important predictors were identified using a model averaging approach, via the adjusted Akaike information criterion (AICc) starting from a full, fixed-effects GLS model, with a spatial covariance structure if necessary, using the r-package MuMIn (Barton, 2016) .
Top-performing models, that is models within ∆AICc < 3 of the best GLS model, were averaged to build the final model average.
While population genetic diversity may decrease in grasslands no longer functionally connected by grazing networks, its population genetic diversity may be nested subsets of population genetic diversity of the active grazing networks, assuming historical functional connections across the entire study area (Aggemyr & Cousins, 2012) . When true, this would imply a deterministic change in genetic diversity due to the loss of functional connectivity with loss of rotational grazing. In other words, the loss of functional connectivity causes deterministic genetic ero- edness is present, we tested if nestedness patterns relate to the presence of rotational grazing or any of the other landscape characteristics. The population-rank order (i.e., the row number of the population in the packed matrix; the population with most alleles has highest rank; and the population with least alleles the lowest rank) was therefore run through the same GLS modelling procedure as described earlier.
| Efficiency of promoting plant functional connectivity
We finally asked how effective movement of domestic livestock in rotational grazing networks may be at dispersing genetic diversity via seeds to promote plant functional connectivity. We used absolute number of allele occurrences across all C. rotundifolia populations as a measure of allele rarity, assigning individual alleles to an allele rarity category, or, on a scale of increasing commonness: (a)
singletons (one occurrence), (b) doubletons (two occurrences), (c) tritons, (d) tetratons, (e) pentatons, (f) decatons (>5 and ≤10), (g)
pentadecatons (>10 and ≤20), (h) pentacosatons (>20 and ≤30) and (i) triacontatons (>30). Per category, we counted how many corresponding alleles were GLS modelling procedure described earlier, with a Gaussian covariance structure to correct for spatial autocorrelation. This analysis addresses at which allele frequencies grazing livestock becomes efficient at promoting allele abundance and thus plant functional connectivity via directed seed dispersal. Or, inversely, this analysis can be coupled to the nestedness analysis, demonstrating which alleles are deterministically lost when rotational grazing is abandoned. All r-based analyses were performed in r-3.3.1 (R Foundation for Statistical Computing, Vienna, Austria). 
| RE SULTS
| Descriptives
| Spatial population genetic structure
Patterns of pairwise genetic differentiation did manifest themselves with the presence of rotational grazing networks (Table 2) 
| Genetic diversity
Genetic diversity variables were significantly affected by rotational 
Results from discriminant analysis of principal components (DAPC) to infer the presence of genetic clusters of Campanula rotundifolia populations associated to presence (colours, Figure 1 ) or absence (grey) of rotational grazing networks, the former along four active grazing networks in the Stockholm archipelago. Randomizations confirmed that DAPC unveiled the genetic population clustering to be significant at p < 0.001. The scatter plot visualizes how individuals are separated by five genetic clusters in relation to the two-first linear discriminant functions. Top right plot marks re-assignment success per genetic population cluster (%individuals assigned to the cluster they belong to). Bottom plot is a stacked bar plot of membership probability of all 760 individuals to grassland populations either functionally connected in one of the four grazing networks or no longer functionally connected. Individuals are ranked following the sampling order of populations (Table 1) 
| D ISCUSS I ON
The presence of rotational grazing networks left a clear, significant imprint on landscape patterns of population genetic structure, genetic diversity and allele frequencies across structurally isolated diversity and increased population differentiation in populations previously functionally connected in the abandoned grazing networks. Absence of rotational grazing livestock as mobile corridors triggered a nested and thus deterministic, predictable loss of genetic diversity. Loss of functional connectivity thus caused loss of specific components of genetic diversity, that is those alleles being actively dispersed by the grazing livestock (see Figure 4a ). This indirectly also suggests that the loss of directed seed dispersal may be more important in eroding genetic diversity compared to the shift from rotational grazing to mowing in the abandoned grazing networks.
Grazing by itself is known to erode genetic diversity in clonal plants due to decreased flowering and seed set (Kleijn & Steinger, 2002) , both having been observed in C. rotundifolia given high animal activity (Stevens et al., 2012) . Our observed patterns in genetic diversity are however opposite, with highest genetic diversity in grazed C. rotundifolia populations, implying this management shift to be a subordinate and unlikely cause behind the loss of genetic diversity on mown grasslands compared to the loss of directed seed dispersal.
Presence of rotational movement of grazing livestock significantly facilitates gene flow and is hence one of the major drivers of enduring landscape-scale patterns of genetic diversity and differentiation in fragmented landscapes (Aavik et al., 2013; DiLeo et al., 2017; Rico et al., 2014) . Grazing animals may indeed consume and disperse large quantities of seeds commensurate to their size, reaching into millions of seeds per growing season (sheep flock, Fischer, Poschlod, & Beinlich, 1996;  1.2 million seeds per cow, Cosyns et al., 2005) . Linking back to endozoochorous seed dispersal of C. rotundifolia at a rate of eight seeds per 100 dispersed seeds (Cosyns et al., 2005) implies that a single cow may spread up to 96,000 C. rotundifolia seeds per growing season, disregarding exozoochorous seed dispersal entirely (Fischer et al., 1996) . Adding the ecosystem functions grazing livestock provide (Dirzo et al., 2014) to facilitate plant recruitment and make the dispersal process effective (Auffret et al., 2017) , domestic grazing animals are thus both efficient and effective seed-based dispersers of genetic diversity, promoting population demographics and genetic diversity while limiting differentiation (DiLeo et al., 2017; Rico et al., 2014) . Moreover, similar to Dianthus carthusianorum in Rico et al. (2014) , C. rotundifolia lacks adaptations for seed dispersal (Stevens et al., 2012) . Hence, our study highlights that rotational grazing networks benefit all and not just zoochorous grassland herbs (Plue & Cousins, 2018) . Moving livestock also significantly increased allele frequencies via the seeds they disperse (Figure 4a) . Or, where rare alleles are generated in large populations (Figure 4b ), these first need to attain a certain number of occurrences, at which point the moving livestock evidently effectively dispersed these alleles towards other isolated C. rotundifolia populations. In the abandoned grazing networks, the inverse appeared true. Because of its strong structuring role, the hampered gene flow due to loss of directed seed dispersal no longer managed to compensate for genetic drift, increasing genetic erosion and as such causing the corresponding lower, nested genetic diversity, higher differentiation and declining allele frequencies (Aguilar et al., 2008; Honnay & Jacquemyn, 2007) .
A series of added empirical findings further strengthens why landscape population genetic structure and genetic diversity patterning is primarily a result of plant functional connectivity underpinned by seed dispersal within the grazing networks. Besides the subordinate, positive effects of larger population sizes (see also Leimu et al., 2006) , landscape physical configuration had only very limited influence on genetic diversity, differentiation or allele frequencies. This suggests limited background levels of gene flow affected by geographical distance or other landscape variables alone (Aavik et al., 2013) , particularly when compared to the importance of seed-based gene flow facilitated by moving livestock (Auffret & Cousins, 2013) . Moreover, the similarities in landscape structure and composition between the active and abandoned grazing networks 
| Implications for conservation management
Animal disperser type as well as its behaviour often plays a significant role in the strength, shape or scale of spatial patterns in genetic diversity and differentiation via seed dispersal at landscape scales (Karubian, Sork, Roorda, Duraes, & Smith, 2010; Rico et al., 2014) . Domestic livestock moved by humans within preset rotational grazing networks, however, evidently facilitates seed and allele movement, positively affecting genetic diversity and limiting genetic differentiation of otherwise isolated populations. While it is beyond the study's scope to address whether these observed high levels of seed-based gene flow are beneficial by improving within-population genetic diversity, or disadvantageous from an evolutionary viewpoint, from a conservation perspective grazing networks appear highly beneficial. Spielman et al. (2004) argued that species may not go locally extinct as long as their genetic make-up remains uncompromised. Yet, habitat loss and isolation have pervasive consequences on genetic diversity (Aguilar et al., 2008; Honnay & Jacquemyn, 2007) , partly fuelling local extinctions in fragmented landscapes. Our results support that rotational grazing networks in fragmented landscapes may maintain genetic diversity by their efficacy to disperse seeds, alleles and thus genetic diversity, decreasing the role of genetic factors of extinction due to habitat loss and isolation.
From a community perspective, species richness on isolated grassland fragments similarly benefits from grazing networks (Plue & Cousins, 2018) . The functional connectivity provided by moving domestic livestock has proven that animal-mediated seed dispersal may become the cornerstone of colonization dynamics in fragmented landscapes to maintain species richness (Aavik & Helm, 2018; Auffret & Cousins, 2013; Plue & Cousins, 2018) . Moreover, even though physical corridors and stepping stones may enhance physical connectivity between isolated fragments (Auffret & Cousins, 2013; Gilbert-Norton, Wilson, Stevens, & Beard, 2010) , they may do so ineffectively compared to the levels of functional connectivity provided by grazing livestock (Auffret & Cousins, 2013; Auffret et al., 2014) , particularly in an unsuitable, hostile landscape matrix (Baum, Haynes, Dillemuth, & Cronin, 2004) .
Consequently, moving domestic livestock within grazing networks may prove an effective management tool to provide plant functional connectivity across the world's fragmented grassland landscapes, one of the key concerns among conservationists in mitigating the pervasive impact of habitat loss and fragmentation (Hodgson et al., 2011) . Simultaneously, conservationists increasingly acknowledge habitat restoration as a key tool in successful landscape-scale biodiversity conservation efforts (Aavik & Helm, 2018; Wiens & Hobbs, 2015) . Grazing networks offer the opportunity and flexibility to be designed and adapted so that they include restored grasslands, which are often degraded, having lost both species and genetic diversity, but which may benefit from directed dispersal of seeds and alleles (Aavik & Helm, 2018) . Moreover, grazing networks can even be implemented in landscapes where only few habitat fragments are left and opportunities for restoring structural connectivity are limited. Our results on the positive effects of rotational grazing on genetic diversity and the wider positive evidence on species diversity (Plue & Cousins, 2018) indicate that moving domestic livestock in carefully designed rotational grazing networks will help support the successful, long-term conservation and survival of local and regional plant communities, whose genetic and species diversity is increasingly threatened by habitat loss, fragmentation and climate change (Haddad et al., 2015; Newbold et al., 2016) . 
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